As a treatment option for patients with end-stage heart failure, mechanical circulatory support systems maintain the blood circulation in the human body. For biventricular assistance or for pediatric patients, paracorporeal pulsatile blood pumps are used. Mobile driving units are available which offer more quality of life to the patients. Automatic control is used to match the pump output to the metabolic needs and to operate the blood pumps as gently as possible. This paper treats the approach of modeling for the EXCOR system (Berlin Heart, Germany). The EXCOR system is a pneumatically driven extracorporeal assist device which allows one-sided and two-sided heart support. Main goal of the modeling was not to simulate the process as accurately as possible. Rather, the resulting model is intended to be the basis for subsequent controller design. Therefore this paper points to problems, which have to be taken into account if the resulting model should be used in practical applications. For this reason several models for different purposes were developed. This article treats mainly the open-loop-control design, but the considerations can be extended to closed-loop-control. The results are currently used to synthesize a robust, efficient control for the EXCOR system.
INTRODUCTION
Terminal heart failure is the leading cause of death in industrialized countries. If pharmacological management or cardiac resynchronization therapy fail, heart transplantation and /or mechanical circulatory support are the only treatment options. Paracorporeal pulsatile blood pumps have been used for decades as Ventricular Assist Devices (VAD) and Total Artificial Hearts (TAH). In the past 10 years new implantable rotary blood pumps have entered the clinical setting partly replacing the older paracorporeal systems. Nevertheless, paracorporeal pulsatile systems are still being widely used for paediatric patients, for patients requiring biventricular support or for medium-term assistance. The EXCOR ventricular assist device is available for adults as well as for paediatric patients. The paediatric system is driven by a stationary driving console which, due to its size and weight offers very little mobility. The adult system includes a mobile drive (Fig. 1) . A new driving system capable of driving any blood pump of the entire size range i.e. from infant sizes of 10 ml to 80 ml adult sizes is to be developed on the basis of this mobile drive. Mobility greatly improves the quality of life of the VAD recipients [Miller (2006) ]. The blood flow provided by the VAD must be properly matched to the patients metabolic needs. This could be achieved by model-based-control, because this approach leads in most cases to a better control accuracy than empirical designs [WJ. Weiss (2010) ]. The first step of the development of model-based-control is the model extraction of the process itself. This article describes the approach for the model development of a pneumatically driven, extra-corporeal VAD -the EXCOR system from Berlin Heart GmbH, Germany. Special attention is placed on the practical usability for control system development. Fig. 1 . EXCOR VAD system (Berlin Heart GmbH, Germany) with pneumatic driving unit, air tubes, artificial blood pumps connected to the body by cannulas 2. SYSTEM DESCRIPTION The EXCOR (Fig. 1 ) is a uni-or biventricular assist device. It consists of one or two artificial blood pumps which are placed outside the body and which are connected to the human heart via cannulas. The blood pump consists of a semi-rigid housing and a diaphragm which separates the blood from the driving air. The direction of the blood flow in and out of the blood chamber is controlled by passive valves. The pneumatic driving pressure is generated by a portable piston drive which is powered by batteries to enable a high degree of mobility (Fig. 2) . The task of the EXCOR system is to provide sufficient blood flow supply to the patient. In previous work a complex dynamical model of the EXCOR VAD system was developed by Fraunhofer IFF Magdeburg, Germany. [T. Boehme (2010) ]. The model was validated against measurements of a hydraulic mock circulation.
MODELING

Motivation for a simpler model
Fraunhofer IFF implemented the system model with Dymola
⃝ is a professional development environment for the object-oriented modeling language Modelica. For an easy work flow it is possible to use standard libraries. For example there are off-the-shelf modules for pipes or engines. With these modules it is possible to model complex aspects like the influence of temperature, distributed parameters or many kinds of medium-specific attributes. Non-standard parts of a model can be described by user defined functions. Based on the developed model structure all components are linked through bidirectional connectors (Fig. 3) . These connectors account for signal back-propagation and facilitate concatenation of model components. Based on a mathematical description of the system behavior a complete model hierarchy was developed. This hierarchy contains various models of different complexity. The complexity of a model is related to its simulation accuracy. Finally, there is a pool of models, where each model is particularly suitable for a special task.
Approach for modeling
The first step is the analysis and classification of the process to be modeled. The EXCOR system has pneumatic, hydraulic and electro-mechanical components. The system can be divided in the corresponding domains [ Fig. 4 ]. Within each domain, the physical behavior of the components can be described by the governing equations. The electro-mechanical domain contains a piston which is mounted onto a ball screw which in turn is actuated by a servo motor. The system with torque u as the input is described by
where the states are piston accelerationẍ, piston velocitẏ x and cylinder pressure p 1 .
The piston drive chamber, the air tube and the air chamber of the blood pump are the pneumatic components of the system. They are characterized by piston drive chamber :
m represents the mass flow through the air tube and the states are the pressures in the air tube p 2 and the air chamber p 3 and blood chamber p 4 pressure of the blood pump.
The blood chamber of the blood pump, the cannulas and the cardiovascular system are classified as hydraulic elements. They are determined by
where Q art and Q ven describe the arterial and venous volume flow through the cannulas. The states p art and p ven represent the pressure of the arterial and venous cardiovascular system. The volume flow through the cardiovascular system is Q circ .
Model structure simplifications
The system description given by equations 1, 2 and 3 is the basis for the development of the above mentioned model hierarchy. This can be achieved by model simplifications which should result in a decrease of the system order. Thereby each simplification leads to a compromise between functionality, accuracy and model complexity.
The objective for the following simplifications was a model for simulation in real time on target systems with acceptable accuracy. For the EXCOR system this consideration leads to two possibilities. The first one is a concentration of the pneumatic capacity of the air tube and the piston drive. This can be justified on the assumption that the resistance between them is rather small. Another simplification that has negligible influence on the model accuracy is an elimination of the elastic capacity of the blood cannulas. This capacity is connected in parallel to the capacity of the cardiovascular system. Because the latter is considerably larger, it represents the dominant capacity in this relation.
These two simplifications result in the model shown in Fig. 5 . This model is mathematically described by a set of eight differential equations. It includes seventeen parameters like flow resistances, elasticity coefficients and inertias.
Some of these values can be determined by experiments. Others are based on empirical considerations to find initial guesses. Due to the model reduction, the lumped components of the designed model do not correspond with the parameters of the real components. As a consequence, the initially estimated values were optimized, to provide a simultaneous fit of all states of the resulting model. Twelve uncertain parameters were included in a quadratic error function which has to be minimized
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where n is the number of considered states of the model and θ the optimization parameters. The error function includes the reference states x i ref (t) and the model stateŝ x i (t, θ). The maximum regarded time for the optimization is determinded by t max . The uncertain parameters are mainly pneumatic and hydraulic flow resistances and hydraulic inductances.
To improve the performance of the optimization a two stage optimization process was used. In the first stage, parts of the model were extracted and treated separately. For this purpose more measured variables of the inner process states are required. The idea behind this step is an extraction of subsystems which can be decoupled from other states by uncoupling elements like resistances (Fig. 6) . The results of this first optimization stage are used as starting values for the following second stage of the optimization of the whole model.
Simulation results of the reduced model
In Fig. 7 the output of the parameterized model for one selected state are compared to the reference data of the process and to the non-optimized model. The EXCOR system represents a highly dynamic, nonlinear system. Linearization techniques cannot be applied as the system is periodically driven through a broad operating range. One possible way to handle the nonlinearities is to fully compensate the non-linear effects by a non-linear open-loop control design (Fig. 8 ). This could be accomplished by inverting the complete model or through procedures like exact linearization [Adamy (2009 ),Isidori (1995 ]. The complexity of the model influences the effort for control synthesis directly. This shall be demonstrated by a simple example. Consider the dynamic first order systeṁ
In comparison to the complex Dymola
which is the general description of a flexible, pneumatic vessel. The input of this system is the change in volumeV and the output the pressure in the vessel p. The inversion leads directly to the control equatioṅ
Each further capacity or inertia, as in the case of the EXCOR system, would increment the order n of the resulting system. This increases the computing effort, because as shown in the Fig. 9 the necessary derivate is n + 1.
p2,... In Fig. 9 , the EXCOR system is truncated behind the air tube for simplicity. This leads to the model shown in the upper part of Fig. 9 , which consists of three differential equations. The method used to find the exact open-loopcontrol law is the gradual inversion. In each step of the control design the base equation of the model is used to extract the according control law and to find the necessary derivatives (lower part of Fig. 9 ). The partial solutions are combined to a complex control law, which can be computed online. The exact input-output linearization, if used to obtain the control law, would lead to the same result. Therefore, only the gradual inversion was considered here.
In embedded control systems for portable systems the computing resources are often limited. Control solutions requiring the computation of the third or fourth derivatives of states might be too complex to compute.
There are two possible ways to handle this problem. One method is that parts of the control law can be neglectedmostly the higher derivatives. However, this method leads to a loss of control accuracy. The other way is further model simplification which results in a lower system order. If this is possible, and if an exact open-loop-control can be designed, the performance of this control law applied to the real process only depends on the deviations between the model behavior and reality.
For the EXCOR system, the second approach was adopted. The simplified model according to Fig. 5 would still require to calculate the fifth derivate of some inner states. Consequently, the model has to be reduced further.
MODEL FOR OPEN-LOOP-CONTROL
Further model simplification aims to reduction of the system order without unduly sacrificing model accuracy.
In a first step the remaining capacities were analyzed. Some of them are essential for the conservation of the model structure i.e. the cannulas, because they represent the output, and the piston drive chamber which is connected to the input. Only the blood pump with its two chambers offers margin for simplifications.
By direct coupling of blood and air chamber the capacity of the blood chamber can be neglected. This is only valid for a the normal range of operation which excludes diaphragm stretching. As the model does not include the diaphragm anymore no effects connected with that can be simulated. But for the intended purpose, the open-loopcontrol design, this is no disadvantage, because in normal operations the pumps shall not operate in this area.
A further reduction of the order by one could be achieved if the air chamber is concentrated with the piston drive chamber. This leads to the restriction that the missing pressure drop of the air tube must be compensated by the blood cannulas.
As mentioned in chapter 3.3 parameter optimization is an important step during the model design. Because of the strong simplifications of the second model, optimization has to compensate for some neglected effects. An example is the air tube. Because of the removal of this component, the influence of its resistance must be included in the blood cannulas.
The resulting model for open loop control is shown in Fig. 10 . It is not straight forward to compare the simulation results of this customized model to the complex one described in section 3.4. Useful is only the plot of the output of the system , the flow through the cannula [ Fig. 11 ]. Based on this system with an order of seven, the corresponding open-loop-control law was developed by exact linearization. To determine the control accuracy, Fig. 12 shows the command signal and the plant output of both described systems. 
CONCLUSION
A simple model of a complex non-linear process was described by a set of differential equations of low order. The introduced model hierarchy is useful for different stages of control design. Thereby the model parameters must be optimized to the respective requirements. It is possible to achieve open-loop-control accuracy with a design based on a fairly simple model. With further effort new closed-loop-controls can be developed which improve the performance of empirical control designs.
